More and more, hyperspectral images are envisaged to improve the aerial reconnaissance capability of airborne systems, both for civilian and military applications. To confirm the hopes put in this new way of imaging a scene, it is necessary to develop airborne systems allowing the measurement of the spectral signatures of objects of interest in real conditions, with high spectral and spatial resolutions. The purpose of this paper is to present the design and the first in-flight results of the dual-band infrared spectro-imaging system called Sieleters. This system has demonstrated simultaneously a ground sampling distance of 0.5m, associated with a spectral resolution of 11 cm −1 for the Mid-Wave InfraRed (MWIR) and 5 cm −1 for the Long-Wave InfraRed (LWIR).
Introduction
Hyperspectral imaging systems, combining the evaluation of a scene both in spatial and spectral dimensions, are more and more envisaged to increase the capabilities of airborne system in terms of aerial reconnaissance, for both civilian or military applications. The adjunction of the spectral content of each pixel is said to allow the determination of pollutants in the emanations of a factory, the characterization of the geological content of a region, either to defeat camouflage, and many other applications. However, to confirm the hopes put in this new way of imaging a scene, it is necessary to develop an experimental airborne lab allowing the measurement of spectral signatures of the scenes, in real conditions. The hyperspectral images produced by this airborne lab will be of a great help for the design of future operational systems.
DGA, the French Defence Procurement Agency, entrusted to Onera, the French Aerospace Lab, the development of an airborne hyperspectral imaging system called Sysiphe [1] , covering atmospheric bands from the visible to the long wave infrared. The visible, Near InfraRed (NIR) and Short-Wave Infrared (SWIR) part of the system is developed by NEO, Norsk Elektro Optikk in Norway, under contract from the Norwegian defense research establishment (FFI); the infrared part and the processing part are directly developed by Onera. The purpose of this paper is to focus on the infrared dual-band (MWIR and LWIR) spectroimaging system, called Sieleters, which obtained recently its first in-flight hyperspectral images. In particular, we demonstrate its ability to obtain simultaneously a spectral resolution of 11 cm −1 for the MWIR and 5 cm −1 for the LWIR, associated to a ground sampling distance of 0.5 m, i.e. an instantaneous field-of-view(IFOV) of 250 µrad, at an altitude of 2000 m (aircraft speed of 73 m. s −1 ). For the presented results, Sieleters is installed on a DO-228 aircraft, operated by DLR.
This fine spatial resolution is a key element for Sieleters. Indeed, to our knowledge, no operational airborne infrared hyperspectral imager has such an IFOV, as it can be seen on Table 1 . This table also emphasizes the low number of current operational MWIR airborne spectral imagers, and that almost half of the instruments listed in this table are (at least partially) cryogenic. Another fact that is worth mentioning is that, except for AIRIS-WAD, all instruments are either slit-based dispersive spectrographs, or Fourier Transform Spectrometers, dynamic or static. [26] Northrop Grumman (USA) [27] AFRL (USA) x x 0.073 x D a T = tunable filter, D = dispersive, F = Fourier transform spectrometer (FTS), sF = static FTS b part of optics is cooled, but not the spectral element (Fabry-Perot for AIRIS and grating for AHI) c to our knowledge, no airborne demonstration, but designed for d limb viewing
In this paper, we will first present the design of the instrument, essentially driven by the simultaneous requirements of measuring the precise spectral signature of each pixel in the scene, with a fine spatial resolution. Then, we will present the first in-flight results, with quantitative evaluations of the global performance. 
Design of Sieleters
To meet the stringent technical requirements, it has been chosen to build Sieleters from two separated imaging spectrometers, each mounted on a stabilization platform. One is dedicated to the MWIR domain and the other one to the LWIR domain. Each instrument works with a specifically designed IR focal plane array, optimized for its spectral domain. This choice was mainly made for two reasons. The first one was to obtain optimized radiometric performances for both MWIR and LWIR instruments (the basic idea is to prevent the strong dark current of the LWIR detector to degrade the signal to noise ratio of the MWIR imaging spectrometer), and the second one was to make the optical design easier. The design of infrared instruments devoted to applications requiring a high quality in radiometry is essentially governed by the control of the instrumental background. Indeed, the thermal emission of the instrument itself is added to the signature to be measured and can bias its spectral content. Moreover the signal-to-noise ratio is degraded by the quadratic addition of the photon noise related to the instrumental background. So, we have decided to minimize and regulate this parasitic contribution by the realization of a completely cryogenic optical set-up, cooled by liquid nitrogen, for both instruments.
Secondly, the requirement of a precise measurement of the spectral signature from a high speed motion airborne platform, typically moving at a speed of 73 m.s −1 , leads to a design of a spectro-imaging system with a high efficiency. We therefore decided to develop a high étendue (throughput) infrared imaging Fourier transform spectrometer (IFTS) set-up. Our choice is a static interferometer, similar to a previous system developed in the visible for airborne applications [2] . Indeed, compared to other IFTS [3-5], the static system avoids the use of moving part, which can be very challenging in a cryogenic set-up.
After a brief presentation of the basic principle of static IFTS, next sections will focus on the main components of the system, namely: the optical set-up, with emphasis on the interferometer, the IR focal plane array, and the Line Of Sight (LOS) control. We will also present the main steps of the numerical treatment developed to convert the raw interferograms in hyperspectral images.
Static IFTS basic principle
Both MWIR and LWIR imaging spectrometers are made of a static Fourier Transform Spectrometer, based on a modified Michelson interferometer, placed in front of the imaging optics. The two arms of the interferometer generate two images of the observed scene in the focal plane of the lens, that match geometrically, but, since the optical path length is different in the two arms, interference fringes are superimposed on the image of the scene.
Then, while the scene is moved perpendicularly to the fringes, by translation of the aircraft at a constant speed, each scene point is successively seen through the set of optical path differences, as illustrated in the next video ( Fig. 1 ). 
Optical set-up
MWIR and LWIR imaging spectrometers have a similar optical architecture, represented schematically on Fig. 2 below. The two main parts are the Michelson interferometer and the following imaging optics. The light coming from the ground scene first enters into the instrument through a wide-band window, that closes the cryostat in which the optics are integrated. The bending mirror rotates the rays by 90° in order to make them be incident on the beamsplitter inside the interferometer with an angle of 45°. The light then follows its path through the interferometer, propagates into the imaging optics and is finally focused on the optics focal plane. The mirrors of the interferometer are set so that the maximum optical path difference is about 467 µm in the MWIR and 993 µm in the LWIR, to reach the expected spectral resolution. The imaging lens is entirely made of dioptric elements coated with high transmission antireflective coating. The focal length is 100mm for both MWIR and LWIR optics. All the optical components are integrated inside a cryostat, in a vacuum and cryogenic environment (temperature around 100K). The imaging lens is mounted in a tubular mechanical structure embedded into a liquid nitrogen tank. Pressure and temperature sensors are integrated at various locations inside the MWIR and LWIR cryostats in order to verify at each moment that the optics stay in the required environmental conditions. The lens and the opto-mechanical assembly were realized by Winlight System, and the cryogenic assembly with its cryogenic cooling system was manufactured by SDMS. The global performance of the optical part of the two instruments (interferometer and lens), at cryogenic temperature, has been verified with an infrared wavefront sensor (SID4-DWIR [6],), under blackbody illumination. The wavefront aberrations are less than λ/20 r.m.s., λ being the mean wavelength of the instruments (respectively 4 µm and 10 µm).
Infrared focal plane arrays
For this specific application, innovative large-format infrared focal plane arrays (IRFPAs) were specifically developed by Sofradir in order to optimize the instrument performances. Both LWIR and MWIR IRFPAs have 1016 × 440 pixels, of 25µm pitch, and the same readout circuitry [7] . The charge handling capacity of the detectors can be chosen prior to the flight among 4 values (2, 10, 28 or 36Me-) in order to take into account the predicted radiance of the observed scene. Detectors are embedded in a specific cryostat and cooled at a temperature of 77K by a Stirling cryocooler. The requirement of a minimal speed of the aircraft imposes a read-out frequency of 150Hz and implies a very high data rate. Therefore, specific electronic devices have been developed by Onera to drive the IRPFAs and to digitize the high rate and high dynamic data they produce. The amount of data is then transferred into storage units using suitable high rate data link.
Line of sight control
The control/command of the line of sight (LOS) is a key component of the global instrument. Indeed, it allows both the acquisition of highly resolved individual images and the global ability to precisely superimpose 440 images to obtain the spectral information. As the operating mode of IFTS is unusual, we do not have off-the-shelf industrial stabilized gimbals designed for this mission. So, we decided to develop a specific LOS control system, based on existing industrial products, compatible with an aeronautic Standard camera hole, and to customize them with the support of two companies: Leica Geosystems and Applanix.
Moreover, we decided to adopt a specific parallel architecture allowing a direct control of the LOS (closed loop) simultaneously with an a posteriori restitution of the exact LOS by a second independent system (open loop). We also have made the choice to install MWIR and LWIR systems on separate aeronautical certified LOS control systems, in order to offer the opportunity to operate the two bands separately on different types of aircrafts (see Fig. 4 ). The closed loop system (CLS) has two main goals. The first one is to correct LOS in realtime, to avoid any filtering in the individual images; it corresponds to a kHz regime and it is classically addressed by off-the-shelf gimbal. The second is to obtain regularly spaced images, ideally translated in the only y-direction; it corresponds to a 1Hz regime. This second regime is specific to the basic principle of static IFTS and requires adaptations, especially in the control laws. CLS is made of:
•A motorized gimbal, based on PAV80 from Leica Geosystem,
•An integrated new generation inertial motion unit based on the µPOS AP from Applanix,
•A mechanical structure allowing a rigid integration of the optical systems of Sieleters, and the tuning of center of gravity, inertial moment and mechanical deformation,
•A control electronic system, based on a DSP (Digital Signal Processing) Microautobox II from dSPACE. Even if the MWIR and LWIR instruments are completely independent, they give the global impression of a synchronized dance, as can be seen in the next video. 
Inversion of interferograms
The process to convert raw data to spectral images is very close to the one described in [2] . A non-uniformity correction is first applied to the raw images. Initial guess for offset and gain are estimated at the ground level and are updated, based on the images of the scene themselves, to improve the non-uniformity correction. Images are then registered. This is currently done by image processing (correlation between images), but, at short term, LOS data will be used. Once registered, images are interpolated on a common grid, and spectra are calculated from the interferograms using Fourier inversion, with a phase correction based on previous laboratory measurements. These spectra are radiometrically calibrated also from the laboratory measurements. Spectral images are then georeferenced using LOS data.
First in-flight results
The purpose of this section is to present the first results obtained by the two Sieleters instruments during a first flight campaign. The main goal of this campaign was to verify the performances of the payload in terms of spatial and spectral resolutions. It was led in September, 2013, on the French air base of Cazaux, and several sites were overflown in the neighborhood of Cazaux and Toulouse (France).
LOS performances, closed loop and open loop
The LOS controls systems are realized by integration of an IMU in the closed loop, and the gimbals performances are evaluated by the open loop system which integrates an other IMU (Applanix Postrack 610). Figure 5 shows the residual attitude of the Sieleters LOS during a line acquisition (40 s is the mean time for one line of measurement). The performance of the LOS control must be integrated for one ground pixel. Figure 5 shows this residual error by the standard deviation of each axis integrated on the ground pixel information. From these results, we can deduce that the standard deviation of the LOS is of the order of 80 µrad during the integration time, to be compared with the ifov, equal to 250 µrad.
Evaluation of the modulation transfer function
As hyperspectral imaging is a new domain, there is no standard Figure Of Merit (FOM) , to evaluate the spatial resolution. So, we decided to define a specific FOM, and its associated evaluation procedure. During the flight, all the imaged points of the scene are seen N times, N being the number of lines in the IRFPA. Our choice is to consider the modulation transfer function (MTF) of the reconstructed panchromatic image made of the superposition of all the N lines, after optimal compensation of the aircraft motion and LOS residuals. This panchromatic image is well adapted to MTF evaluation for two main reasons. Firstly, the SNR is very high, ideally N higher than for an individual image. Secondly, this operation of superposition of all the interference states obtained for one point of the scene implies the disappearance of the fringes issuing from the interferometer, which would potentially disrupt the MTF evaluation.
Practically, MTF is evaluated by the observation of a slanted edge, as it is classically made for in-flight or on orbit optical systems [8] . The site of Cazaux is equipped with a large active infrared target (20 x 20 m 2 ), allowing the in-flight measurement of radiometric and imaging performances of airborne systems. It is composed with independent panels and is operated in order to obtain a thermal transition of 10 K, between a high temperature homogeneous square of 10 x 10 m 2 , inscribed in a low temperature homogeneous square of 20x20 m 2 , allowing the For our application, the procedure to obtain the MTF from the image of the slanted edge is described in [9] . As we have a precise knowledge of the global filtering of the instrument in lab, we can evaluate the in-flight filtering by multiplying the lab filtering by a model of the transfer function associated to the flight. This model includes the filtering due to the translation of the aircraft during the integration time, which is totally predictable, and the filtering due to the LOS residual error. So, we can simulate an image of the slanted edge with only one degree of freedom: the evaluation of the standard deviation of the LOS residual error. By direct comparison of this image to the recorded image, we can verify the filtering model associated to the flight. Figure 6 shows the simulated target and the measured target. Notice that the south part of the target is not homogeneous, due to a local bad control of the temperature, but it is outside of the useful zone for the MTF evaluation. A good fit between model and measurement, as presented in Fig. 7 , is obtained for a LOS error standard deviation (Gaussian model) equal to 100 µrad for the two instruments. This value exceeds the restituted value obtained from the open loop (75 µrad, see section 3.1); so, it allows an evaluation of the filtering associated to the post-processing. These values are to be compared with the angular size of the pixel, equal to 250 µrad. With this process, in-flight MTF is evaluated to be respectively higher to 0.14 and 0.09 at Nyquist frequency (1m −1 ) for the MWIR and LWIR instruments ( Fig. 8 ). Figure 9 presents an instantaneous interferometric image, obtained at an altitude of 2000 m. Note the horizontal interference fringes (clearly visible near the zero path difference, at the top of the image). The ground footprint is roughly 500x210m 2 , and the ground sampling distance (GSD) is nearly 50 cm. The flight trajectory is vertical (perpendicular to the fringes). From a sequence of 440 images, we obtain an hyperspectral cube. Figure 10 shows an extract of this cube, corresponding to a monochromatic image at 4.8 µm, with a spectral width Δλ equal to 0.025 µm. Another way to display the information is to consider the spectrum obtained for one point of the scene. So, the spectra of two individual pixels are drawn on Fig. 11 . They correspond to a pixel lying inside a large polystyrene target which was set on the ground (green curve), and to a pixel lying on a concrete area (red curve). We also plotted (thin lines on Fig. 11 ) the expected spectrum for these two ground points. These spectra were obtained by using ground truth simultaneous measurements: the ground spectral emissivity was measured with a SOC400T spectroreflectancemeter, the downwelling irradiance was assessed with a BOMEM MR300 series spectroradiometer pointing at a standard infragold plate and the surface temperature was estimated using 4 KT19 Heitronics LWIR radiometers. The upwelling spectral radiance was then propagated up to the entrance pupil of Sieleters thanks to Comanche propagation model [10] . The atmospheric profile was retrieved from an in situ RPG Hatpro radiometer and the aerosol boundary layer was derived from a CimelCE318 sunphotometer. The quantitative comparison, including an exhaustive error budget, is ongoing. . Spectra of two individual pixels, respectively placed in the polystyrene target (green) and in the concrete target (red), for the LWIR (a) and the MWIR (b). See Fig. 10 for the location of these two pixels. The bold line is for Sieleters measurements, and the thin one for simulated spectra.
Airborne images and spectra

Conclusion
In this paper, we present the design and the first in-flight results of a new airborne dual-band spectro-imaging system for measurement of scene spectral signatures called Sieleters. This airborne system has demonstrated simultaneously a ground sampling distance of 0.5m, associated to a spectral resolution of 11 cm −1 in the MWIR and 5 cm −1 in the LWIR. It is in fact composed of two independent sub-systems for MWIR and LWIR, individually certified, to have the opportunity to operate them separately, on different types of aircrafts equipped with a standard camera hole. Image quality has been evaluated by the measurement of the MTF of the panchromatic image, which is higher than 0.09 for both instruments, at Nyquist frequency. We are now going to realize a new campaign for checking the spectral performances. We also work on the establishment of a scientific roadmap and are ready to envisage collaborations for all the domains potentially interested in the infrared hyperspectral imaging: archeology, tracking of the crop, geology or climate change.
